Background
==========

Tendons are an important component of the musculoskeletal system and transmit force between muscles and bones to enable joint movement \[[@b1-medscimonit-23-4633]\].

Tendons are frequently injured during sports and other rigorous physical activities and often fail to heal optimally, which can affect personal and professional activities. Due to the limited regenerative capacity, natural tendon healing is often accompanied by fibrotic scar tissue formation, resulting in poor mechanical properties, and the healed tendon is susceptible to re-injury \[[@b2-medscimonit-23-4633],[@b3-medscimonit-23-4633]\].

The repair of tendon injuries is a major clinical challenge for orthopedic medicine \[[@b4-medscimonit-23-4633]\]. Tendon injuries are currently managed by conservative or surgical treatments, but these treatment methods have limitations; they cannot completely restore the tendon to its native composition, structure, and mechanical properties. The ideal treatment remains controversial, and there is a critical need for more effective treatments \[[@b5-medscimonit-23-4633]\].

Stem cell therapy has the potential to regenerate damaged tendon tissue after tendon injury. Tendon stem cells (TSCs) are a type of mesenchymal stem cells derived from the tendon \[[@b6-medscimonit-23-4633]\]. TSCs were identified in tendon tissues in humans, mice \[[@b7-medscimonit-23-4633]\], rabbits \[[@b8-medscimonit-23-4633]\], and rats \[[@b9-medscimonit-23-4633]\]. TSCs have multi-differentiation potential and play a major role in the maintenance of tendon homeostasis and recovery after injury \[[@b1-medscimonit-23-4633]\]. Tendon tissue engineering using TSCs is a promising strategy for tendon regeneration. TSCs require appropriate scaffolds to keep their stemness and orient tenogenic differentiation, and scaffolds play a critical role during the regeneration process \[[@b10-medscimonit-23-4633],[@b11-medscimonit-23-4633]\].

Extracellular matrix (ECM) and its composition are critical to the development and maintenance of healthy tendons, and the ECM in tendons is mainly composed of type I collagen \[[@b12-medscimonit-23-4633]\]. The ideal scaffold must closely mimic the structure of native tendon ECM. An ideal scaffold for tendon healing should be biodegradable and biocompatible \[[@b13-medscimonit-23-4633]\]. Collagen has optimum biocompatibility, biodegradability, and bioactivity. Collagen is one of the most suitable biomaterials for tendon tissue engineering and for producing scaffolds \[[@b14-medscimonit-23-4633]\].

A hydrogel system is a cost-effective way to produce tissue engineered scaffolds \[[@b13-medscimonit-23-4633]\]. Hydrogels provide a carrier and living environment mimicking the ECM for the transplanted cells, and cells are easily seeded into hydrogels; small components such as nutrients and oxygen easily move inside hydrogels \[[@b15-medscimonit-23-4633]\]. Hydrogels have promising applications for healing in a variety of tissues \[[@b16-medscimonit-23-4633]\].

Our group previously developed and characterized a chitosan/β-glycerophosphate/collagen(C/GP/Co) hydrogel, which had a volume ratio of 6: 1: 8. We showed that the C/GP/Co hydrogel is highly permeable to nutrients and water-soluble metabolites, which promotes TSCs survival and growth. Additionally, the C/GP/Co hydrogel could be injected as a fluid to fill an injury space and form a gel at 37°C as a minimally invasive procedure.

The objective of this study was to evaluate the effect of TSCs with C/GP/Co hydrogel on tendon healing through histological and biomechanical assays in a rat Achilles tendon injury model.

Material and Methods
====================

Animals
-------

All experimental procedures were approved by the Animal Research Ethics Committee of the Third Military Medical University, China. All animals were treated according to institutional guidelines for laboratory animal treatment and care. Four Sprague-Dawley (SD) rats (3--4 weeks old; male) weighing 80--100 g were used for the isolation of TSCs. We used 114 6-week-old male SD rats weighing 200--220 g for the animal experiments; 18 SD rats that did not undergo an operation provided the healthy Achilles tendons as the intact controls for the biomechanical test. The remaining 96 SD rats were used for Achilles tendon healing experiments.

Isolation and culture of rat TSCs
---------------------------------

The isolation and culture of rat TSCs were performed as previously described \[[@b17-medscimonit-23-4633]\]. The intact Achilles tendons were excised from both limbs of each rat following euthanasia. Only the midsubstance tissue was collected; the tendon sheath and the surrounding paratenon were removed carefully. The tissues were minced into small pieces in sterile phosphate-buffered saline (PBS), digested for 2.5 h at 37°C with type I collagenase (3 mg/ml Sigma-Aldrich, St. Louis, MO, USA) and dispase (4 mg/ml STEMCELL Technologies Inc., Vancouver, BC, Canada). Then, the obtained suspensions were passed through a 70-μm cell strainer (Becton Dickinson, Franklin Lakes, NJ, USA) to yield a single-cell suspension.

The released cells were washed in PBS, centrifuged at 1100 rpm for 5 min, and resuspended in Dulbecco's modified Eagle's medium (DMEM, Gibco, Carlsbad, CA, USA) containing 20% fetal bovine serum (FBS), 100 U/ml penicillin,100 mg/ml streptomycin, and 2 mML-glutamine (all from HyClone, Logan City, Utah, USA). Following cell dilution to different densities, they were cultured at 37°C and 5% CO~2~ in a humidified incubator to form colonies.

On day 3, after the initial plating, the cells were washed twice with PBS to remove non-adherent cells. At day 10, the cells were trypsinized and mixed together as passage 0 (P0) cells. Cells from passage 3 were used for the remainder of the experiments. The culture medium was changed 2--3 times per week throughout the experiments.

Multi-differentiation potential
-------------------------------

To differentiate the TSCs into osteogenic, adipogenic, and chondrogenic lineages, the multi-differentiation potential was examined.

Osteogenesis was induced by seeding the cells in 12-well plates at a density of 2×10^4^ cells/cm^2^. Cells were allowed to adhere for 24 h and were cultured in osteogenic induction medium consisting of basic growth medium (DMEM,10% FBS) to which we added 0.1 μM dexamethasone,10 mM β-glycerol phosphate, and 0.05 mM ascorbic acid. The medium was refreshed every 3 days. After 28 days, the cells were fixed with 4% paraformaldehyde for 30 min and stained with 0.1% Alizarin red solution (all from Cyagen Biosciences Inc., Santa Clara, CA, USA) for 5 min.

Adipogenesis was induced by seeding the cells in 12-well plates at a density of 2×10^4^ cells/cm^2^. Cells at confluence were treated with basic growth medium supplemented with 0.5 μM dexamethasone, 10 μg/ml insulin, 50 μM indomethacin, and 50 μM isobutylmethylxanthine (IBMX). The medium was refreshed every 3 days. After 21 days of culture, the cells were fixed with 4% paraformaldehyde for 30 min and stained with 0.5% fresh Oil-red O solution (all from Cyagen Biosciences Inc., Santa Clara, CA, USA) for 30 min.

For inducing chondrogenesis, a pellet culture system was used. Approximately 5×10^5^ cells were pelleted into a micromass by centrifugation at 1000 rpm for 10 min in a 15-mL conical polypropylene tube and cultured in chondrogenic medium, which consisted of basic growth medium, 10^−7^ M dexamethasone, 10 ng/ml TGF-β 3,40 μg/ml proline, 50 μg/ml ascorbate-2-phosphate, 100 μg/ml sodium pyruvate, and 1% insulin-transferrin-selenious acid mix (ITS)+Premix. The tubes were incubated at 37°C in a 5% CO~2~ incubator. The medium was refreshed every 3 days. Chondrogenic pellets were harvested after 28 days in culture. The pellets were fixed with 4% paraformaldehyde, embedded in paraffin blocks, and sectioned into 5-μm sections. Samples were stained with Alcian blue (all from Cyagen Biosciences Inc., Santa Clara, CA, USA).

Preparation of C/GP/Co hydrogel
-------------------------------

A 2.0 wt% totally dissolved chitosan (C; degree of deacetylation \>95%, molecular weights = 700,000 Da, Meilun Technology, Inc., Dalian, China) solution was prepared by stirring powdered chitosan in 0.1 M acetic acid for 4 h at room temperature, followed by sterilization by autoclaving at 121°C for 10 min. Then, the solution's pH was measured, and it was stored at 4°C for later use.

A 50 wt% β-glycerophosphate (GP, Ruiyong Technology, Inc., Shanghai, China) solution was obtained by dissolving 1 g of GP in 1 mL of deionized water and sterilized by passing through a 22-μm filter membrane prior to storage. Precooled sterile GP solution was added dropwise into the C solution at a volume ratio C/GP was 6: 1 while stirring in the ice bath; the resulting C/GP solution without collagen was then prepared.

A type I collagen (Co, Luwen Technology, Inc., Shanghai, China) solution with a concentration of 2 mg/ml was prepared by adding 400 μl collagen into 480 μl precooled deionized water. Then, the mixed solution was added into

24 μl of 0.1 mol/l NaOH solution. Finally, 100 μl PBS solution was added into the previous mixed solution. All steps were performed inside the ice bath. The C/GP/Co hydrogel was prepared by mixing the C/GP hydrogel solution with the collagen solution at the volume ratio of C/GP/Co of 6: 1: 8.

Determination of the pH and gelation time of the C/GP/Co hydrogel
-----------------------------------------------------------------

The pH values of the ice-cold C/GP/Co solution were measured using an electronic pH meter (Fisherbrand Hydrus 300, Orin Research Incorporation, USA). After determination of the pH, the obtained C/GP/Co liquid solutions were sub-packaged into test tubes and transferred to a 37°C incubator. The gelation time was recorded and determined by evaluating the fluidity and color change.

The time to gelation was measured using a stopwatch. One milliliter of each hydrogel solution was dropped into a small tube, placed in an incubator at 37°C, and examined every 1 min by turning over the tube until the liquid failed to flow, and the gelation time was recorded.

TSCs encapsulation in C/GP/Co hydrogel
--------------------------------------

To encapsulate TSCs into hydrogel, the cells were trypsinized from the plate and resuspended in PBS. The cell suspension was then mixed with the C/GP/Co hydrogel solution. The final cell density was 10^6^ cells in 300 μl.

Animal model and surgical procedures
------------------------------------

Ninety-six SD rats were used for the Achilles tendon injury model. In each animal, the left hindlimb was selected to make a tendon defect, and the right one was left intact. After anesthesia with 2.5% pentobarbital (4.5 mg/kg body weight), the left hind limb of each rat was shaved and disinfected.

A 1.5-cm longitudinal skin incision was made over the left hind leg in SD rats to expose the Achilles tendon. Then, the central one-third of the Achilles tendon (10 mm×1 mm) was removed from the myotendinous junction to the calcaneus to create a tendon defect ([Figure 1A--1C](#f1-medscimonit-23-4633){ref-type="fig"}). After surgery, the skin incision was closed in layers ([Figure 1D](#f1-medscimonit-23-4633){ref-type="fig"}). The same method was applied to all animals by the same surgeon.

The animals were randomly divided into 4 groups consisting of 8 rats each: (1) control group, identical surgical procedure without any treatment; (2) hydrogel group, implantation with hydrogel solution (300 μL); (3) TSCs group, implantation with TSCs (10^6^ cells); and (4) TSCs with hydrogel group, implantation with TSCs and hydrogel solution (10^6^ cells in 300 μL). After the skin incision was closed, 300 μL C/GP/Co hydrogel solution containing 10^6^ TSCs and 300 μL C/GP/Co hydrogel solution without cells or 10^6^ TSCs alone were injected around the injury site by a 1-mL syringe ([Figure 1E](#f1-medscimonit-23-4633){ref-type="fig"}).

The animals were allowed to have free-cage activity. At weeks 2, 4, and 6 after injury, rats were euthanized via CO~2~ intoxication and both Achilles tendons were harvested (n=8 for each group at each time point). Six specimens at each time point were used for biomechanical testing, and the other 2 samples were used for histology and immunohistochemical staining. The fate of TSCs in the tendon injury site was followed by immunohistochemical staining of tenogenic-specific Scleraxis (SCX) and tendon ECM (type I and III collagen) markers.

Histological analysis
---------------------

Tendon tissue was harvested at 2, 4, and 6 weeks after treatment. The tendon specimens were placed in 10% formalin solution for 24 h, embedded in paraffin, cut into 6-μm coronal sections, and stained with hematoxylin and eosin (HE) to assess the tendon morphology.

To quantify the differences among the groups, the HE-stained sections were evaluated using a semi-quantitative histopathological scale according to a previously reported grading system \[[@b1-medscimonit-23-4633],[@b18-medscimonit-23-4633]\]. Six parameters -- fiber structure, fiber arrangement, angiogenesis (increased vascularity), rounding of the nuclei, inflammation, and cell density -- were quantified using a 0--3 grading scale: 0 (normal),1 (slightly abnormal), 2 (moderately abnormal), and 3 (maximally abnormal) ([Table 1](#t1-medscimonit-23-4633){ref-type="table"}).

The 6 parameters together yield a total score of 0 for a normal tendon and a score of 18 for a maximally abnormal tendon. Three sections were randomly selected from each sample at each time point and were evaluated by a single co-investigator in a blinded fashion. The average score was used for comparison. The total score was calculated by summing the scores of the 6 parameters.

Immunohistochemistry staining
-----------------------------

The distributions of collagen type I, collagen type III, and SCX were assessed by immunohistochemical (IHC) staining. Briefly, after deparaffinization, the sections were rehydrated, quenched of endogenous peroxidase activity, and subjected to antigen retrieval. After blocking with 5% goat serum at 37°C for 30 min, the sections were incubated in diluted anti-collagen type I (1: 500), anti-collagen type III (1: 200), and anti-SCX (1: 500) antibody (all from Abcam, USA) at 4°C overnight. The spatial and temporal localization of the proteins were visualized by incubating with secondary antibodies for 1 h, incubating with a Streptavidin-Biotin Complex working solution (SABC, BOSTER, Wuhan, China) at 37°C for 30 min, developing in 3,3-diaminobenzidine (DAB, Sigma-Aldrich), and then counterstaining with hematoxylin. The primary antibody was replaced with blocking solution in the controls. All incubation times and conditions were strictly controlled. The sections were examined under light microscopy (Olympus BX51, Tokyo, Japan). After the IHC staining, sections stained with each antibody were quantitatively analyzed in random order with the Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA).

The procedure has been well-established \[[@b19-medscimonit-23-4633]\]. Briefly, the integrated optical density (IOD; in arbitrary unit) of the immunopositive signal was measured from the sampled views inside the wound of each slide, and the mean IOD/μm^2^ was calculated. The assessor was blinded to the time points during image analysis.

Biomechanical test
------------------

At weeks 2, 4, and 6 after injury, tendons for the biomechanical test (6 tendons in each group at each time point; 6 normal left Achilles tendons at each time point; 90 tendons in total) were harvested, which included part of the calf muscle (0.5 cm above the myotendinous junction), Achilles tendon, and calcaneus bone. All the harvested specimens were stored at −80°C to prevent tissue damage. Before mechanical testing, samples were thawed at room temperature in glass jars containing deionized water for more than 6 h.

Tendon thickness and width were measured with a vernier caliper at 4 locations at equal spacing from the top to the bottom of the tendons for the calculation of the cross-sectional area.

The tendon samples were mounted in a biomaterial testing machine (Exceed E44, Materials testing machine max, American) with 100 N load cell capacity. A preload of 0.1 N was applied to a tendon sample for straightening and adjustment. The length between the calcaneal bone and the myotendinous junction was measured as the initial length. Each tendon was then axially pulled at a constant speed of 10 mm/min until the maximum load to failure, and the maximum breaking forces of each tendon were noted. Ultimate load (N) and stiffness (N/mm^2^) were measured from each tendon's stress-strain curve.

Statistical analysis
--------------------

Data are shown in boxplots. As the data were not normally distributed, the comparison of more than 2 independent groups was done by the Kruskal-Wallis test followed by post hoc pairwise comparison using the Mann-Whitney U test. All analyses were performed using SPSS version 20.0 for Windows (SPSS, Inc., an IBM Company, Chicago, USA). P\<0.05 was considered statistically significant.

Results
=======

Cell morphology and multi-differentiation potential
---------------------------------------------------

The cells isolated from rat Achilles tendons formed colonies after 8--10 days. Rat TSCs exhibited slender cobblestone shapes with an irregular distribution ([Figure 2A](#f2-medscimonit-23-4633){ref-type="fig"}). The isolated rat TSCs were evaluated for chondrogenic, adipogenic, and osteogenic differentiation abilities.

For chondrogenic differentiation, the pellets were cultured for 28 days; staining with Alcian blue revealed that TSCs increased in chondrogenic differentiation ([Figure 2B](#f2-medscimonit-23-4633){ref-type="fig"}). After induction of adipogenesis in adipogenic induction medium for 21 days, Oil-red O solution staining revealed multiple lipid droplets in the cells ([Figure 2C](#f2-medscimonit-23-4633){ref-type="fig"}). In a similar manner, inducing osteogenic differentiation resulted in alizarin-red-positive calcium deposits in the TSCs after 28 days ([Figure 2D](#f2-medscimonit-23-4633){ref-type="fig"}).

The pH and gelation time of C/GP/Co hydrogel
--------------------------------------------

At room temperature, the C/GP/Co solution remained in the liquid state ([Figure 2E](#f2-medscimonit-23-4633){ref-type="fig"}). When the temperature was increased to 37°C, the C/GP/Co solution changed to a solid gel, as shown in [Figure 2F, 2G](#f2-medscimonit-23-4633){ref-type="fig"}. The pH of the C/GP/Co solution was 7.20 and the gelation time was approximately 8 min. The color of the solution changed from transparent to opaque upon gelation. Approximately 8 min of gelation time was sufficient for handling the cell mixture and the subsequent *in vivo* injection.

Histological analysis
---------------------

At 2 weeks post-surgery, a macroscopic examination showed more spindle-shaped cells aligned along the longitudinal axis of the tendon in the TSCs and TSCs with hydrogel groups than in the control and hydrogel groups. In addition, the TSCs with hydrogel group exhibited more ECM deposition and obvious longitudinal fibrous tissue than that of other groups \[[Figure 3A(a--d)](#f3-medscimonit-23-4633){ref-type="fig"}\]. At week 2, there were no differences in the average histology scores among all treated groups (including the control) ([Figure 3B](#f3-medscimonit-23-4633){ref-type="fig"}).

At 4 weeks post-surgery, more relatively normal tendon tissues had formed in the TSCs with hydrogel group than in the other groups. Most cells in the TSCs and TSCs with hydrogel groups showed a spindle-shaped morphology and distribution along the longitudinal fibrous tissue of the tendon. By contrast, loose and thin longitudinal fibrous tissue had begun to appear in the control and hydrogel groups \[[Figure 3 A(e--h)](#f3-medscimonit-23-4633){ref-type="fig"}\]. The average histology scores were lower for the TSCs and TSCs with hydrogel groups than in the control and hydrogel groups at 4 weeks, but only the TSCs with hydrogel group had a significant difference compared to the control and hydrogel groups (P=0.027 and 0.035, respectively) ([Figure 3B](#f3-medscimonit-23-4633){ref-type="fig"}).

At 6 weeks, HE staining showed that the tendon fibers in the control, hydrogel, and TSCs groups were wavy and kinking and displayed a disordered collagen arrangement. In contrast, the fibers of the tendons in the TSCs with hydrogel group were well aligned; collagen fiber bundles were aligned parallelly along the axis of the tendon, and they closely approximated fibers in normal tendons \[[Figure 3A(i--l)](#f3-medscimonit-23-4633){ref-type="fig"}\]. At week 6, the average histology scores of the TSCs with hydrogel group also were significantly lower compared with the other groups (P=0.001, 0.003, and 0.040, respectively) ([Figure 3B](#f3-medscimonit-23-4633){ref-type="fig"}).

Immunohistochemistry
--------------------

The expression of collagen type I increased from week 2 to week 6 in all 4 groups. There was weak expression of collagen type I in the tendon matrix and cells in all 4 groups ([Figure 4A](#f4-medscimonit-23-4633){ref-type="fig"}), and there was no significant change in the mean IOD at 2 weeks ([Figure 4B](#f4-medscimonit-23-4633){ref-type="fig"}). The expression of collagen type I increased in the tendon matrix and cells inside the wound in the TSCs and TSCs with hydrogel groups more than in the control and hydrogel groups, but only the TSCs with hydrogel group had a higher IOD of general collagen type I than the control, hydrogel, and TSCs groups at 4 weeks (P=0.008, 0.011, and 0.034, respectively) and 6 weeks (P=0.003, 0.006, and 0.016, respectively).

There was mild expression of collagen type III in tendon fibroblasts and matrixes inside the wound at week 2 after injury ([Figure 4C](#f4-medscimonit-23-4633){ref-type="fig"}). The mean IOD of the control and hydrogel groups was higher than that of the TSCs and TSCs with hydrogel groups. However, only the IOD of the TSCs with hydrogel group was significantly different compared to the control and hydrogel groups (P=0.027 and 0.047, respectively) ([Figure 4D](#f4-medscimonit-23-4633){ref-type="fig"}). There was increased, intense expression of collagen type III in tendon fibroblasts and matrixes inside the wound at week 4 after injury ([Figure 4C](#f4-medscimonit-23-4633){ref-type="fig"}). The mean IOD of the control, hydrogel, and TSCs groups were higher than that in the TSCs with hydrogel group (P=0.019, 0.031, and 0.045, respectively) ([Figure 4D](#f4-medscimonit-23-4633){ref-type="fig"}). The expression of collagen type III inside the wound was significantly reduced at week 6 ([Figure 4C](#f4-medscimonit-23-4633){ref-type="fig"}), but the mean IOD of control, hydrogel, and TSCs groups remained significantly higher than in the TSCs with hydrogel group (P=0.003, 0.016, and 0.040, respectively) ([Figure 4D](#f4-medscimonit-23-4633){ref-type="fig"}).

There was weak expression of SCX in the tendon matrix and cells in all 4 groups at 2 weeks ([Figure 4E](#f4-medscimonit-23-4633){ref-type="fig"}), and there was no significant change in the mean IOD at 2 weeks ([Figure 4F](#f4-medscimonit-23-4633){ref-type="fig"}). The expression of SCX increased in the tendon matrix and cells inside the wound in the TSCs and TSCs with hydrogel groups more than that of the control and hydrogel groups at 4 and 6 weeks, but only the TSCs with hydrogel group had higher IOD of general SCX than the control and hydrogel groups at 4 weeks (P=0.028 and 0.035, respectively).The mean IOD of the TSCs with hydrogel group was higher than in the control, hydrogel, and TSCs groups at 6 weeks (P=0.010, 0.021, and 0.024, respectively) ([Figure 4F](#f4-medscimonit-23-4633){ref-type="fig"}).

Biomechanical testing
---------------------

At weeks 2, 4, and 6, the ultimate load and stiffness were lower than in the normal tendons (intact tendon group) for all treated groups (including the control). There were no significant differences in the ultimate load or stiffness for all treated groups at the early 2-week time point.

At week 4, the ultimate load of the TSCs with hydrogel group was significantly higher than in the control and hydrogel groups (P=0.013 and 0.024, respectively), but there was no significant difference between the TSCs with hydrogel group and the TSCs group. At week 4, the stiffness of the TSCs with hydrogel group was significantly higher than in the control, hydrogel, and TSCs groups (P=0.011, 0.015, and 0.028, respectively).

At week 6, the ultimate load of the TSCs with hydrogel group became significantly different from the other 3 groups (P=0.002, 0.009, and 0.017, respectively). At week 6, the stiffness of the TSCs with hydrogel group was significantly higher than in the control, hydrogel, and TSCs groups (P=0.007, 0.009, and 0.019, respectively).

Discussion
==========

Tendon injuries are common and present a clinical challenge because they often respond poorly to treatment and can lead to long-term dysfunction. The blood supply to tendons is inferior to that of most other connective tissues. Tendons regenerate and repair slowly and inefficiently and do not regain their normal biological and biomechanical status after injury.

Following injury, tendons typically go through a healing and scar formation response with 3 mutually dependent and overlapping phases of healing: inflammation, collagen proliferation, and remodeling. In the initial, inflammatory phase, erythrocytes and inflammatory cells, particularly neutrophils, enter the site of injury. TSCs gradually migrate to the wound, and collagen type III synthesis is initiated. After a few days, the proliferative phase begins, and the synthesis of collagen type III peaks during this stage. After a few weeks, the remodeling phase commences, and a higher proportion of collagen type I is synthesized during this stage \[[@b20-medscimonit-23-4633],[@b21-medscimonit-23-4633]\].

Stem cell-based therapy is a promising intervention for tendon repair. Previous studies have shown positive effects of bone-marrow-derived mesenchymal stem cells (BMSCs) \[[@b22-medscimonit-23-4633]\], TSCs \[[@b23-medscimonit-23-4633]\], and human adipose-derived mesenchymal stem cells (hASCs) \[[@b24-medscimonit-23-4633]\] for tendon repair. TSCs are immune-privileged cells that have the potential for allogeneic transplantation \[[@b25-medscimonit-23-4633]\]. Tendon regeneration using TSCs is a promising strategy for tendon injury.

Cell leakage after injection may be a problem with local injection of stem cells, and it is difficult for cells to stay in the injured area for a long time. Thus, a more appropriate method of cell delivery is required. The combination of cells with a supporting biomaterial scaffold has been considered as a potential approach to treat tendon injuries \[[@b26-medscimonit-23-4633]\]. The ideal scaffold is biocompatible and does not incite a host inflammatory response \[[@b27-medscimonit-23-4633]\]. Hydrogels are bioactive, biodegradable, and biocompatible, and our previous study developed and characterized a C/GP/Co hydrogel that closely mimics the structure of native tendon ECM.

Previous studies have shown positive effects of BMSCs \[[@b28-medscimonit-23-4633]\], nucleus pulposus cells \[[@b29-medscimonit-23-4633]\], and adipose tissue-derived stem cells (ADSCs) \[[@b30-medscimonit-23-4633]\] on chitosan and β-glycerophosphate-based injectable hydrogels *in vivo* and *in vitro* studies. In this study, we showed that the TSCs with C/GP/Co hydrogel promoted the expression of collagen type I and SCX, which were reported to be tendon-specific markers at the tissue level \[[@b25-medscimonit-23-4633]\]. TSCs with C/GP/Co hydrogel had reduced expression of collagen type III in the tendon matrix inside wounds in our injury model. Type III collagen is increased after injury and is abundant in wound bed granulation tissue. In the natural healing of tendon injuries, successful remodeling is typified by the replacement of type III collagen with type I collagen \[[@b31-medscimonit-23-4633]\].

SCX is a key regulator of TSCs differentiation as a specific tendon marker \[[@b32-medscimonit-23-4633]\]. Type I collagen is the predominant collagen in tendons, making up approximately 90% of the total collagen content \[[@b20-medscimonit-23-4633],[@b33-medscimonit-23-4633]\]. The high expression of type I collagen and SCX indicated that repaired tendons had better collagen formation and organization. Type I collagen is considered to be responsible for the mechanical strength of tendon tissues. An optimized collagen type I/III ratio might account for the quality of the matrix organization in tendon healing \[[@b34-medscimonit-23-4633]\].

Our results show that combining TSCs with C/GP/Co hydrogel significantly enhances tendon healing compared with the other 3 groups in a model of rat Achilles tendon injury. Improved healing was indicated by the improvement of histological and immunohistochemistry outcomes and increase in biomechanical properties of the regenerated tissue. We confirmed that the relatively high proportion of type I collagen fibers to type III collagen in the TSCs with hydrogel group is a major factor in enhancing the mechanical properties of regenerated tissues.

TSCs alone had no significant therapeutic effect, which was consistent with the results of Chen et al. \[[@b18-medscimonit-23-4633]\], who demonstrated that platelet-rich plasma (PRP) had a positive effect on tendon healing, which was significantly enhanced by TSCs, but TSCs injection alone did not improve tendon healing.

Other experiments that use stem cells to treat tendon injuries also take advantage of a wide variety of scaffolds, including tendon hydrogel \[[@b35-medscimonit-23-4633]\], fibrin glue \[[@b23-medscimonit-23-4633]\], and silk-collagen sponge scaffold \[[@b25-medscimonit-23-4633]\].

There are limitations of this study. First, we did not track the TSCs by injecting labeled cells. Furthermore, a longer follow-up period after TSCs with C/GP/Co hydrogel injection would be useful to observe the long-term effects. Further study is necessary to determine the specific mechanism by which C/GP/Co hydrogel influences the exogenous TSCs to promote tendon tissue regeneration and repair *in vivo*. Additionally, further research is needed to decide on the optimal strategy for tendon regeneration and repair.

Conclusions
===========

In summary, our study provides evidence to suggest that the transplantation of TSCs combined with C/GP/Co hydrogel promotes tendon tissue regeneration through the improvement of histological and immunohistochemistry outcomes and increases the biomechanical properties of the regenerated tendon tissues.
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![Experimental protocol. A complete longitudinal incision was made 10 mm from the myotendinous junction to the calcaneus of the Achilles tendon (**A--C**). A clinical suture was used to suture the skin (**D**). Using a syringe, 300 μL C/GP/Co hydrogel solution with 10^6^ TSCs or without cells or 10^6^ TSCs only were injected around the injury site (**E**).](medscimonit-23-4633-g001){#f1-medscimonit-23-4633}

![Identity of rat tendon stem cells (TSCs). Photographs of thermo-sensitive C/GP/Co hydrogel. Rat TSCs were cobblestone-shaped (**A**). TSCs showed chondrogenic (**B**), adipogenic (**C**), and osteogenic (**D**) differentiation potential *in vitro*. Scale bar: 200 μm. The solution of C/GP/Co is liquid (**E**) at room temperature and gel at 37°C (**F, G**).](medscimonit-23-4633-g002){#f2-medscimonit-23-4633}

![Histology of healing tissues and histology scores of tendon repair. Photomicrographs showing the histology of the healing tissues at weeks 2 \[**A(a--d)**\], 4 \[**A(e--h)**\], and 6 \[**A(i--l)**\] post-injury, and boxplots showing the histology scores of repaired tendon (**B**). Magnification: ×100, Scale bar=200 μm. '\#' Represents p\<0.05.](medscimonit-23-4633-g003){#f3-medscimonit-23-4633}

![Photomicrographs showing immunohistochemical staining of collagen type I (**A**) and collagen type III (**C**) and SCX (**E**) in the tendon injury sites at weeks 2, 4, and 6. Magnification: ×100, scale bar=200 μm. Boxplot showing the changes of mean IOD/μm^2^ of collagen type I (**B**), collagen type III (**C**), and SCX (**F**) at different times after tendon injury. 'o' Represents an outlier value of the dataset. '\#' Represents P\<0.05.](medscimonit-23-4633-g004){#f4-medscimonit-23-4633}

![Tendon sample that included part of the calf muscle (0.5 cm above the myotendinous junction), Achilles tendon, and calcaneus bone (**A**). The tendon samples were mounted in the biomaterial testing machine (**B**). Boxplots showing the ultimate load (**C**) and the mean stiffness (**D**) of tendon tissues. 'o' Represents an outlier value in the dataset. '\#' Represents P\<0.05.](medscimonit-23-4633-g005){#f5-medscimonit-23-4633}

###### 

Grading system for histological evaluation.

                                                      Tendon repair assessment score                                                                                
  --------------------------------------------------- -------------------------------- --------------------------- ------------------------------------------------ ---------------------------
  Fiber structure                                     Continuous, long fiber           Slightly fragmented fiber   Moderately fragmented fiber                      Severely fragmented fiber
  Fiber arrangement                                   Compacted and parallel           Slightly loose and wavy     Moderately loose, wavy and crossing each other   No identifiable pattern
  Rounding of the nuclei                              Long spindle-shape cells         Slightly rounded            Moderately rounded                               Severely rounded
  Inflammation (area infiltrated by inflamed cells)   \<10%                            10--20%                     20--30%                                          \>30%
  Increased vascularity (neovascular area)            \<10%                            10--20%                     20--30%                                          \>30%
  Cell density                                        Normal                           Slightly increased          Moderately increased                             Severely increased
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